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Hnrmmlic gmwrntioll IIICClImIirJIIIS in FIIort-wRvi:l(! Ilgtll free-clcctrm Inscrs

hlark J. SchnliLL

La Alammi NationaI Laboratory, P.O. 130x 1GG3

hlS IH31, Lcsr Alamm, New Mexico 875-15

The physical rnechallisn)s thaL cent.ribuLe LO harmonic radiation in free-elect.ron Iaacr systems are ex-
amined. Alathcnrat.ical models for the spontrmcous and coherent-spontaneous crrliasion in plane-polarizctl
wigglers are given. ]IOW I IICSE IIMXICIS are usd LO perform numerical sirnulatious is discuascd, hiodifications

of the nlodcls to incorpora(c non- idctil free-elec[ ron ltuw elTccls arc reviewed.

The radiation from relativistic clcctronrr in free electron hums (FELs) is concentrated in narrow frequency
bands cent.crcd at inLcgcr multiples of the resonnnt frcqucnry, The narrow bandwidth of thb radiation is
caused by int crfcrcncc of the rndintion from each of the N periods of the wiggle;. The c]cclron]agnct ic

radintion ])roduccd at lwicc l]IC rcscmnnt frcqucnry (aecoud harlnonic) is a consrqm-mcc 01 t.hc llnitc trtinsvcrsc
1,2 ]{ndiu~i~ll ill IIarnmnic frcqllcllci(~s ah’c t ]IC SCCOlld hnrlllOnic al’JPJMrSdilllcllsiws cf lIIC clcclrim Immll .

as a rcsull of douldy-l)rricdic oscillirt.ions ill I]IC c]rclrol)’s vc]ocily insids L.hr? wigg]cr3, TIN power olwrvcd

at Lhe hnrl]lonic [rcqucncirs cirn wrry signiflcant]y dcpclding on Lhe slrcnglh of Lhc wigg]cr nlagnclic Vcclor

polcntid’. Addilhlid COUp]illg kJ I]IC harmonic frcqucncics can a]so occur when Lhc C]cctron, oplica] and
wiggler nxcs arc rnisrdigmxls. TOsome rhgrce, such mirirdignmcnl will exist in any ])hysical Byslmu in LIIC

form of clcctrull ham olhct.s, waudcrilig cd’ the clcclrou beam inside the wigglrw duc 10 field errors and

hrrl roll llrolioll of lhc sing]c-c]cc(roll Lrnjcclorics.

All c]cctrol] l.)~ill]) I,imillg lhrr)ug]l a wiggler will radiate sponlancourdy duc 10 the rnnhm rlistribulion
of ils in(lividuill rlvctroll cmmliluull[s. ‘1’lm characlcrislics of this incohcrrnl riLdiiltiOll can bc anidylicidly
dctrrlllillc(ls. Altcrll:iiivoly, if [Iw wiggl(:r is lcmg cuougll or aomc type of optical fwxllmck is prr.widml, tllc
Spolllancourr ridinlicm call grow illlo u Inrgc cu]lcrcnt signal as tllc clcclrons in the bcanl I)cgin 10 l)ullchG.
Thr cxlrllt. or [!,c bundling is cril icnliy dqlwldt?lll 011 tllc radinLioll wrIvclcngll I (sillcc lJunching inu!it occur
nt Lllis \\’ii~e]cllg[ll) trlld 1]in slillisticil] cllararlcristics of the c]cchon b~illll. I’rupcr nn:dysis of SUCIIu systcm

7,JI ]]y in~orl]orutillg lhc inhollmgcncil Y of tIlc cl~clrollCilll 1){:accollq)lidlcd Lllrough llllllwricid Millmlntion .
radi:ilors, i.e., llm uuiquc Lllrm!-(lil]]cllsiollnl pmilirm, velocity and field vcclors cxl)cricnccd hy cnch clcclrcm,
an accurnlc prediction of the fuudrmwlltnl and hrwmonic rm.lialiou output can hc Illadc,

]n lhc qucrA for cohrcnt sllr)rl-w’nvrll’llglll radiation one is intcrcstd in dctrrnlining tlm Ieb’rl of l]IP

harmonic c[)llcrcllt-sl) olllallco[l~ mlliwim ill FELs. I’lanr-polariml wigglmn Ir.rid lhonmf:lvrri to hnrmonic
l)rtJ(lllc[ioll roving L() t]l(~ lloll-(lllif(Jrlll Bxitd Cotl]j]ollcllt of tile C]ctlrong” I]lc)tiol] in tht? #illl16(Jidid wi~htr

Ilmgwl ic fwl(l. ‘1’hcrrlbrc, the following (Iiscurwi(ms will assunrr a plnll(’-l)olnriz(:(l wiggh’r Ibid configuration.
7“() Illt)d{q] W4Ill[lny C~(iC[s M p(’JSHihh?011P Sll(lll]d Ilt?gin Wi[h the nlORt Fl!llf’rid dWrrill[ ion CJf t]l(’ ~h!ch)ll

rn(li:llir~ll ~ollrrr’, $]lorl (Jf Illdt,lillg t ]Ir rx;wL Wiggb trnjwlory Of mlcll (’h!c[r(lllq, u di~tril)ulcd trmnHvrrrw

Hourrc: [Illlrl i(lll f(lr (“ilCllrlrct rllll C;III II(’ utml “). This [Iwory iH vulid rwulllillg ~JIN*CI,IIfiII(ISth! llIlill~HiJJt(J tlw
fr:lllsl’wlwk of n ~illgl~’-fr,l,lllrllry CIJ]ll’rl’1l{-Sll( Jlll:llll’lJllS vtlliwioll IIV)(IISI. Ily (I(,lillili(,ll 1111, (Iislril)ul,vl 1111111111

;Lhsllllb”ti III(* f’11”(’lrolll:lgll(’lif” s(dlrrft fl)r c;Irl I 1,1~’clr~)llih dt,~lllhlitrff (wvr il~ wig.gll, Illlllllilll(ll,, Ilsillg Illis

111(1111.1,Ililrllmlli(’ rr)lll,lillg C:II IW!(I l,)’ llliPilliglllll( ’ill H illlll t.rilllNVCHM’gril,lirlllti is ;llll(llll:ll i~iill~ illcludml. Ill
[Iv. Iilllilillg r:lw’ Wll(,rr Ilw gllillillg r(,lllrrs r,f Ilw (’lvrtrflllw Irnvvl ]Iitrillll,l II} 1111.wigr,h. r :\xis, [Ill, (Iistrilllllvil
~r]llrrt~ 1111),11.IIjrl.,lil,ls [Iw gt.11(.r;lli,)ll Ijr rrl,ll Il:lrlllollir rn(]i;llir)ll wi[]l [111[1.fiyllllllt.lry ill 1111,(Ilt.cl r[lll wi~gll~



pliLIw WIJ odd harnmnic radin[ ion Il:it tcms wilt) even transvcrsw symnmt ry.
Ill Scclion 2. a lmi~f review of LIICthuory ofslIoIIlaIIIxm erllissiou b ty])ical FEL crmfigurnliuls is giwn.

~hc rrsl of L.]Ic Il:llwr k dCVOltW] 10 L]IC Lrnlkrsl ill]diilg aIId Ilmdti]illg of L]IC Vilrh]lls cfh:cts L]lill COIIIrit)ulr

Lo cohcrcnl-sl)on[ amwus hnrlllollir l’nli.ssioll ill FF~l.s. III Scrlion 3. a drbcrilllicm (Jr lhc Lllrory fur harllhmic

radiation frolll l)]tillU-llol;lriZlo(l Wiggh’r Ill:qglii”lic fic]ds cnusrJ Iy non. u:liforlll axinl ch’ctron IllfJ(ioll, ch?ctrrJll
density gradicnls, LriJIWVCrH!ch-clron drifl Ilwtion, LriLllSVcrS1’ wigghx n!nguclic fivh] griidk’rllS and hurlllollic
Fourier colnl)ollcnts of lhc wiggler magnclic tk]LI is giv,”’1. lIIC collclusiom, including OIIC II(!rrwn-s viw d
wh~l lies allcad in Lhc arm Of FKL hiirnlonic lhcory mld simulation, arc colltai.md in Scc Licm 4.

\f’igg]crs arc used M ilmrlioh dcvicra in high energy nloragc rings k I)(JOat lhc power ]evc]s Or avrLilatJ]e

incohcrcnl clcclronlaghctic radiidim. TIIC sirrqdrst configuration iR a plmlc-polmizccl wiggler d length

L. = A’AWand peak magnclic field strength llw, rlrivcn by an eicctron bcalli or energy yn@, The energy

radial (xl by each clcct roll or chilrgc q = -c pm unit solid angle and frequency lmldw-idth is given Lys

whcru

A,,,J = (-l)~+m~ (-l)nJn(Jt)[J,-,. -dJu)+ J,-,r,+m(fu)] (:)
n =-w

and
lrlllu. AM.

uw=—
%lld

d 1]10 mrmnliwd Wiggh:r ln:vqwlic Wirlnr ]I,,l(,i,liiil. ‘1’lmriidiiit,(,l,

nun Jmr ml ~,,,(:) rrlmwnt h (IIV Ilrssd hrLioll d Ihr first kind or rmlrr m. Ilm il II:W Imm CWHIIIIIWI

lhl 1111’ wi~lt’r liw ill(lll~ llw :-ii Xi* nd L.IIc mghw O iIIIJ r!Jm l’lJrmd hy IIIC ihlmwtilJh or Ihr Iihr of
Acrw[ i(Jn, Cill! il it, wi[h t IIC :-axis nld 1111iIIIglII Illilllt! Iiy tlw inlfmocti(m of thr Im)jfwliull or ii 01110
111(:7//- IllilllP wil II llw r-irxi~, r(’slwcl ivrly. ‘1”111’Iliirllmllic rdidion I)illlf”rll drsrri!wd ill ~1~.[1) hIM mulliph’
lnlII’s wlwr tlIII nlllld,t’r flr 11.IIIWis cquir] 10 tlw Iliwtllollic Ilutlllwr, ‘1”11{!fll:ljorily rJf LIIC r:i!lialiwl is Clull ililll’tl

willlill iI rrJrwid cohr d illl~ll’ 0 s 1/7.

Ill I)rillrilll., this rillliillioll ClIll Iw Cllllilllrl’(1 II)’ WJllStr Uftillg h crJllllmsilc wi~lrr frmllvd lJy two wiggl,lrH
rnrll Ilnvillg N nmgm’1 ic Ilrriodx :11111Wllilrilll’tl 1J% a Jislmlrr l.dl Tlw rmli:it i(m frolll this crmligur:lliou i~

givrll ill trrllw d Kq.( 1) ,wli

(f;)

~111’rI’ Ad h ~Ill, Illlllllllmr (1( 1111!if’;ll \~;i~l”htllJ~!11!+~111Ith-clr(lll f[ill~ lJll]lillll [Ill, [Ill[il”d WilVl, iii [Ill’ lli~lll”rhi~(’

wt-li(]ll l114wIII, tI I III’ wi~lt,rs. l)isl,l.r~iw’ wvmli,,llq colllilillillg a Iililgllf’li(’ Ibhl iiru rIIIII, III IIIly US(VI III rr[lutml’

llw (n,. r:lll II,II!I,III lIIIlwI.I.1111111wir,~l,.r hltl’lii,ll~ ‘lb’ Illnxillllllll I’llll:lllrf’lllf’111(d’ u r:ll’tl)r d Z ill Inmrr I’r(ltll
L]lis (Iq Il ;I”iI! klysl 11111)rfulli~~lll:il il,ll I“iIIIIIId III’ :Irllhvt’t! IIIIIIW mI rh’:’lrl)ll 111.:1111f~r hllllicil’111 {Ill:llily C:III III’
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Figure 1. Characteristic lineshapcs of Lhe spontaneous ●ission horn ● single ●lectron for both the sin-

gle wiggler (solid line) and the oplical hlyslron (d=hed line) configuration, An equal number of wiggler
pcrioda was assumed for ●ach conligurat ion,

produced. Examples of the cllirraclcrisLic lincshapes of Lhe spontaneous ●mimion for both tlv single ~’iggler

and the optical klyslron configurnLion are gimn in Figure 1.

To achieve harmonic output power ●bove the spontaneous kvel one must achieve c s &, where c

repr=cnts I hc phase space area (z x ●rniltanre) of Lhe electron beam, (in ●t least wvnc apalial section uf
the electron beam) ao that bunching can occur. For this case the coherent-spontaneous emission must be

calculated.

3 ~oll~n~ T ~pox STA NE~ Gq

As prcvio:dy mentioned, cohcrcnt-spontarmrus emission mime due to the bundling of the electron

beam, In an oscillator or amplifier this bunching in normally produced by the interaction of the electrons

wiLh radiaiion a~ the fundamental frequency. Since the bunching u s non-linear proc-, small uial density

components are produced at the harmonics of the fundamental bunching wavelength. CohPrent harmonic
emi~ion can Lhcn lalie place, where the strength or the radiation source is proportional to Lhe mnplitude

of the density componenL al the harmonic of inlerat, ●nd the aum over transverse space of the distributed

murc~ from each ●lectron. The analytical form of the dialributed electron sources has bmr previously

derived’” and only the rezmlls of the formalism ●e or inter=t here.

The analysis or cohcrcnt radiaLion in FELs typically begins with Lhe wave equation in the paruial limit.

The paraxial approximation is ideally suited for Lhe analysis of the tightly collimated coherent ●miaiiiori from

FELa. M’ithin Lhe confmcs of this approximation, the wave ●quation for the linearly polarized complex

electric field from ● plane polarized wiggler hM the form’s

(7,

where A. = 2rr/A, = U,/C is lhe fundarncntul optical wavenumber, c ia the speed of light, / is the harmonic

number and JL is lhc transverse current giuw hy

N,.mc

Jl(x, y,z(t)) = -ec ~ ~d(z - z,(f)) fi(r-ZO*-OFO,s)J(v -Wi -Xlaillkvz-&Oiz) . (8)



The sum over i rqrcwnts t.hc contrihulicm from all Llw electrons in a pon<!erornotivc wavchgth (J~~nd =

A; i + ~;’). llerc we hnvc iwsunml a plml~ pol:miuvl wi~lm magneLic fieIII wiLll period Au, and alnpliLude

i = iIfW sill kW:. The clcclrous have charge, q = -e, and erwrgy, T rncz, such that they wiggle in the

y-dirrcl ion wilh Lhcir transverse positions givm by y = ~ + xi sill ~U,: + &OiS whure Xi ~ ‘“ ‘~,~~’”~ iS

the acillation amp]ilude of the i’h electron and aW is the wigg]rr vccl.or potcnlial given in Eq. (.5). The

“) ;Illll (,9=oi ,j~yu, ) arc L]IC guiding CClllCr poailion atld trallSVCrSC drifl vc]ocilies Of of thequanlilim (X~i, y~,
ilh e]ccLroll. ‘~. ol>LiLill~ sollrrc fllllctic}n depend:. m UII the e]cctroli’s trirnsvcrae V Position alone, ‘c avcrngc

over a wiggler period yiuldillg10

for the odd harmonics and

for lhc CVCIIharmonics where ( is the inlcraclion slrcnglh paramclcr given in anrdogy wilh Eq.(4) by

(9)

(10)

end u is the tmgl,]ar coup]illg factor dcfrncd

u .g& ) (12)

NcAe dml lhc lmaclmtccl lcrm in lhI. (12) is a rnl.io of the lransvcrae (lriit velocity of an c]eclron to its peak
Wiggtc V.dOCil)’. This rirlio MIIS1 IJC Snlrdl fur lhmc W+U]lS 10 lJe \’Ldid. ~ompirring Eq.(12) LO Eq.(3) onc
aces LhnL WC olmcrvntion anglr O ill lhc spontaneous emission cxprcssioll Im been rcplirccd Iy the elecl.ron
n)irmlignlnclll iI1l~lC in lIIC wiggler #9~rJ1 = PYOi/fl,. TIIC transverse source functions in Eqs.~0) rmd ( 10) arc a
funcliml of L4(y) givml Ily

hi - .lis Y< Uli+Xi (13)

wlmrc we cxl)licilly rxllrvss lhc lillli[s of (lr(~), cwlfining LJlcm Lo lIIC trtinsvcrsc rirllgc of Wlcll clccl,ron. Tlw

source fullclioll~ arc COIIIIIICXqunnlilics CXCVII1w’]lcn Lhe e]cctron is pcrfccl]y aligned wi[h Lhc wiggler axin
(e a Pv * O). TIIC clcctroll guiding ccnlcr is al thr poinl u = ~1 and h? widlh of the curve rcflccls

tile lran~vcrsr wigglr rnngc of tllc ●lectrun. PIOLS of the source functions including angular effccln with
u = ~ = 1/0 arc givrn in Figures 2a,lJ for tlm fundanmwal and second harn]onic. Since the source functirm
arc mJIIIIIlCX, 1111*LIICrcnl allrl illmginary Imrl~ hat-c Imcn plollcd wit.11dot-dash and dotled lines, respcctiw?ly.

For r[!fmcllcu, dir sCJ]id iinc I)](J[S Lhc source fllllclioll for a = 0, NoLc that the real pmt of the source funclicm
is only diglll Iy Ilmdilhd frolll ilH u = O wdur dmpitc lhc Inrge value of a tmtmwd for the.w ralcul:diom.
As SIU!lI frolll Figllrl! 2, nlimligl~lllt!l]t of ml !+:clron in thr? wiggh?r introducc$ coupling 10 IIKJh! With l] II!

opllwit I*Irnllsrcrsr Hylllllwtry colll[xrrml 10 the lwrfcclly alignml raw.

‘1;) ncrurw!!ly III(JIIL”I lIIV r;dinliful pnttrrn U( nn CllSClldJ]C of Fh?CtFCJllM,1111:dislrilmlml Lrmlsvcrw armrcr
d{-illill(ll!llrf, (If I Ill, ill(]i~illli~ll ~!](,c[rolls Il]list tJ(hr(!tail]~(l. Thi8 Ciil] t](l h(m (]011(- tl~ r[Jll~(!rLill~ th(’ slllo(d Il]y

Wlr~ill~ lliSl rillllll’11 SIJUrCl! fllllrlh)ll!i d ~llK. (!]) tLlld ( 10) hlkJ dkr(sbi (~- fllll~lkll) N(JllrW~. ~(Jr tiilllllh[hlll

I,iirl)(ts(+i, Illf:ht* (Iisrrt,ll, w,llrrw [’iIll [11011 II(: illl(!rldnlcd onlo a Ilullmic;ll gird, ‘1.111’hl’~1 (Jrdl!r dkrl’1(:

H(Jllrc,! for :111rh’rl rlJll is jllst IL fi.fllllrlioll h:Ihd ill lb guiding ccnlf!r I)(wili(m rJf L]w tdv Ctr[,ll, ‘l’hlt [Illl])lllll!lr

f.lf tlliH Hllllrrl’ i!4~l~l”ll Ily 111(,LrilllS~lVW llW.ril~lt f]f [11[”di!iLrihllll!d JL(J!lrr{’ fllll(’1 klil~, ‘1.llis lvrlll is r~’fl.rr!nl l,,
w Ilw lllIMlfJ;MJI.wmm’ Ivrlll ILIIIIis i(l(,lllir;ll 10 11111rvsultr4 (d]l;Lim,(l fr{ull IL (Jlllt.(lillll,llsillllill lrtl:lllli(.lll%””,
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Figure 2. PIOLS of the distributed source functions including ●ngular effects with u = ~ = 1/6 for (a)

the fundamc’nla] and (b) second harmonic. The real ●rd imaginary parts have been plotted with dot-dash

●nd dot Lcd lines, respectively, For reference, the soiid line plots the source function for u = O. Note thal the
large imaginary part inl reduces a tource with oppoaile symmetry from the u = O reference caae.

JS(y-y~i)

Figure 3. The discrete dipole source function for the second harmonic. The &funcLion sourcu have been

positioned half Lhe clisLance from the guiding center to the wiggle extrema,

As men from Eq.(10) the lowest order ●mplitude for the even harmonia in the limit u ~ O is zero due to the

odd symmetry of lhe mine term. To obtain a nonvaniahing amplitude for the ●ven harmonics in this limit we
rnuat go 10 higher order. The next order dincrete source for an ●lectron would be a pair of J-funcliom in an

odd configuration as shown in Figure 3. This term ic referred to u the dipole tource term, The amplitudes

f~r Lhiri source and tile third order discrete source (tripole) have been derived ●lsewherel”.

The wave ●quation including the three discrek source terrru can now be written

(13)



Where Lhc ll]r~w source
● hfon~pulc lcrln

● Di-pole term

tcrn~ on the right-hand side are given by:

(

i4~Ifk, aui -i~o

&(u) = KY ‘({1 u)4(v - yoil~
)

(14)
c e

● Tri-pole lcrm

+%(u)= - (“’y’a”’i[q’k u) - Ay)(f,u)]

(M)

(lG)

wllrrc
w

IqW,d = (-1)’ ~ Jl,(fo[(-l)mJ2n+/-m(Ja) - A.+i+mua)] - (17)
n=-m

Including IIiglicr cwdcr source Lcrllls in lhc SUIII ill Eq.(13) will not significanlty improve the accuracy of Lhc
Cnlcu]aliuu since I]wsc lcrll~ nrc cmccliw]y avwiigd out by Lhe e]cctron enscnlhlcj rwsuming the Lrrmsvcrse

(h’llsily profile is snwcVIIly varying.
A t Ilrcc-dinlclwionnl simulat ion code incorporating Eq, ( 13)-(17) has lmm written. A typical resuh of lIIC

code is Llw odd synll]wtry cJf (]IC even harlnollic radiation pattern~ as shown in Figure 4. ~onlparison of lhc

sillml:lLion rusults wi[ll L!m powr prw.luccd aL tile accond through seventh harmonic of the Stanford Mark

Ill FEL13 were initiidly conrluctud. Tim silnuhtion remlti were in good agreement wilh the experimental
nwwroincnls fur Llle tirsl fuur IInrl]mllics w mport.cd by 13amhi and [lcucon”. &uwr comparisons of
cxpvrillwnt and sillnllalion will require nmre accurntc mmsurcmcnt of lhc electron beam location in the
~i~h ad r(dul iCJIld Lh! triIn#~crNc ]Iilrlllollk hltcllfiily Prdk on a lfricropuk till~ !$cde.

‘~lw grwliwlt of LIWtriiils~crsc wiggler Iirld also cuntrilnrtcs to the radiation at the harmonic frequcncia.

lllmuv~.r, [Ilis rouIdillg is Sll]iill for c~li~~lltkllill FELs. TIIC radiation into tllc even hnrlnonics cauncd by
gril(liu]i[s ill tlIr wiggt(,r fichl will IJC (JW/rrre)4 tilllcs weaker than the rmli:dicm cimw(l by gradient.s in Lhc

‘0 q“]lk is wlIal OIW W(JIIh] in[ uilivcly expect eincc lIIC w’igglcr fwh] gradicut causedrlrclrml IW;IIII (Irlwily .

lJy llItI largt: M: I,:lr:ll hJll (Jf 1111:wigg[cr lllilgll(!l~ is IIIIICh Sllla]lcr L]IUUt.llc drmit, y grmlicnt inside L])e narrow

rlwl roil IJI::I III.

Il:lrllmnic wig~l,,r Ilmgnclic Iit!ld coilil,unvllts also aflccl Lbe radiution al lhc ]Iarlllonic frcquchcim16,
Dt’lillillg llw allll,lil UIIII of [IN! hnrllmnic wiggh!r vector potcwlial rit the 1111h~rlll(Jl]ic of tllc fundanlrllLid

WiQ~hT \V;l~l-]l,ll~lll 11~ fru. ~, I]IC c(lllrllill~ Cof!fkh!llt, ~k~’)(f,o), ill LhC llKJIK.JIJdc aourcc h!rl]l r.)f hl.( Id) 11111$1

Ill’ lil(Jdlfh!d lJ~ []IC iId(]ill(Jll d Lh(’ tcrlll

wilt.rf. WIS IISSIIIIII, (I flu.t < flu I , ‘l”lli~ trrm rim rilhrr inrrrasc ur dl!CWilM! Ihr w)uldillg lo llw hnrmfJnirs
dr]wllllillg (Ill I IW I)ll;wr (sign) of llw magnrtir Wil l~wl ill Uul. llarll~j,iic wigglrr vccltJr l~{~l~!ll[i;ilCfJIIIlMJIIf!IIlf4

of ](11% l] If, fIIIIIl;II III.lll :11 V;IIIIII II:IW. 111.1111I.%111.rilll(.lll;l]ly ll~vwuri,~llfi, For crJnwnl irJllill IE14 rouligurnl iimk
[IllmIl:lrlllllllil” \\i~~hsr CtlllllMJlll,llth llll)llif~ [Ills Il;lrillllllir ra(liallhll ll(JWilr 11~ II f;lCLl)r (Jf Y [Jr h.
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Figure 4. PIOL of tile magnitude of the ●lectric field for the coherent-spontaneous emission at the second
harmonic of a lypical FEL amplifier. The negative amplitude lobe has been inverted for plotting purposes.

Formalisms now exist to calculate the spontaneous radiation of FELs at the harmonic frequenci= in
both the incullerent and coherent regimes. Simulations of harmonic emission for present FEL devices show
good agreement with experimental me~urementa, Modeling of the harmonics in more complicated FEL
configurations that include tapered wigglers, prebunchers and optical klystrons will be studied in the fu-

ture. h!ulli-pass interactions including harmonic l~ing””a and interference effects of coherent-spontaneous
ernission’g J(.ili also be examined,

.,,~
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